Abstract Electrical discharge treatments of synthetic dyeing wastewater were carried out with two different systems: underwater pulsed electrical discharge (UPED) and underwater dielectric barrier discharge (UDBD). Reactive Blue 4 (RB4) and Acid Red 4 (AR4) were used as model contaminants for the synthetic wastewater. The performance of the aforementioned systems was compared with respect to the chromaticity removal and the energy requirement. The results showed that the present electrical discharge systems were very effective for degradation of the dyes. The dependences of the dye degradation rate on treatment time, initial dye concentration, electrical energy, and the type of working gas including air, O2, and N2 were examined. The change in the initial dye concentration did not largely affect the degradation of either RB4 or AR4. The energy delivered to the UPED system was only partially utilized for generating reactive species capable of degrading the dyes, leading to higher energy requirement than the UDBD system. Among the working gases, the best performance was observed with O2. As the degradation proceeded, the concentration of total dissolved solids and the solution conductivity kept increasing while pH showed a decreasing trend, revealing that the dyes were effectively mineralized.
Introduction
High-voltage electrical discharges induced by alternating current (AC) or pulsed high voltage may be a promising alternative technology for water and wastewater treatment from technical and economical points of view, as compared with the conventional methods, and they are more environmentally friendly in that toxic chemical agents are not needed. The electrical discharges are able to initiate a variety of chemical and physical processes in water, such as an overpressure shock wave resulting from narrow pulsed discharge, ultraviolet (UV) radiation, and, in particular, formation of chemically active oxidative species [1∼4] , and these physicochemical processes can be used for diverse water treatment applications including sterilization and oxidation of organic compounds such as textile dyes, endocrine disrupting chemicals, phenols, etc. Although conventional methods including chlorination, Fenton's reaction, UV irradiation, photocatalysis, and direct ozonation have successfully been implemented to date [5∼9] , they also have several drawbacks: chlorination is cost-effective, but careful monitoring is required due to the toxicity of chlorine; UV irradiation is suitable for treating small volumes of water due to the limitation of UV penetration depth, and constant replacements of UV lamps are required; direct ozonation is effective for oxidizing organic compounds, but investment, maintenance and operating costs are rather high. The general features of conventional dyeing wastewater treatment processes are summarized in a review article [10] . It has been reported in many recent studies that dyeing wastewater can effectively be degraded by electrical discharges [11∼16] . WANG et al. [13] and MAGURE-ANU et al. [14] investigated the decoloration of azo dye by using a pulsed corona discharge system with several operating parameters, and they showed that such a system might be a feasible wastewater treatment option. SHEN et al. [15] also demonstrated that pulsed electrical discharge in water was very effective for degrading azo dye. Generally, higher peak voltage is beneficial to optimizing pulse generators and water treatment reactors. According to SHEN et al. [15] under a constant input power, peak voltage, peak current, peak power, and energy per pulse ranked in order of spark, streamer, corona from high to low. The performance of gliding arc reactors utilizing AC electrical discharges for organic dye removal was studied by BURLICA et al. [11] . They found that the dye destruction rate depends strongly on electrical discharge parameters and also upon the magnitude of the interfacial area. SEKIGUCHI and PORN-MAI [17] and MOK et al. [18] investigated an electri-cal discharge in water with TiO 2 suspension for decolorizing wastewater. SEKIGUCHI and PORNMAI [17] suggested that the injection of gas to wastewater can enhance the rate of decolorization and the electrical discharge-assisted three-phase reaction system can be applied to various kinds of wastewater. The degradation of an azo dye in aqueous solutions by a gas-phase dielectric barrier discharge was investigated by TANG et al. [16] who found that the hydroxyl radical is the major reactive species by measuring various reactive species generated from the DBD system, such as hydroxyl radical, ozone, and hydrogen peroxide.
Although various underwater electrical discharges have been investigated so far, the most widely used wastewater treatment systems appear to be based on pulsed electrical discharge and dielectric barrier discharge. The two types of electrical discharge systems may be different in dominant degradation mechanisms of organic contaminants as well as in energy requirements, but comparative investigations of these systems are rare in the literature. This work deals with UPED and UDBD for the degradation of synthetic dyeing wastewater. Commercially available dyes such as Reactive Blue 4 (RB4) and Acid Red 4 (AR4) were employed as model contaminants. The objectives of this work are to compare the performance of the two electrical discharge systems with respect to the rate of chromaticity removal and the energy requirement, and quantitatively evaluate the effect of treatment time, initial dye concentration, electrical energy, and the type of working gas (air, O 2 and N 2 ) on the dye degradation rates.
Experiment
2.1 Description of experimental setup Fig. 1(a) schematically describes the UPED reactor system employed for this work. The reactor vessel was made of polymethylmethacrylate (PMMA) with an inner diameter of 90 mm and a height of 250 mm. The discharging electrode was a 6 mm thick stainless steel tube which was coaxially located within the reactor vessel, being partly submerged in the synthetic dyeing wastewater. Except for the lower end, where a ceramic gas diffuser was inserted, the stainless steel tube was covered by polytetrafluoroethylene (PTFE) for electrical insulation. As shown in Fig. 1(a) , the working gas was fed through the stainless steel tube electrode, and the porous ceramic gas diffuser dispersed gas bubbles in the wastewater. The stainless steel meshes placed at the bottom of the PMMA vessel acted as the ground electrode. The distance between the discharging electrode and the ground electrode was 30 mm. When pulsed voltage was applied to this electrode structure, the electrical discharge starting from the tip of the discharging electrode propagated downward, creating numerous tiny bubbles in the water. Repetitive highvoltage pulses were generated by a rotary spark gap switch, depicted in Fig. 1(b) . In this pulse generation circuit, the pulse-forming capacitor with a capacitance of 2.0 nF was charged by a positive DC high-voltage power supply. This pulse generation circuit produced a narrow positive high-voltage pulse with a pulse width of less than 1 µs. The pulse repetition rate was adjusted to 40 Hz (pulses/s) by the rotation speed of the rotor. The average discharge power can be calculated by Eq. (1) with the pulse repetition rate (f ) and the energy delivered per pulse (E p ).
where t p is the pulse width, and V and I stand for voltage and current, respectively. Fig . 2 shows the schematic representation of the UDBD system that was made up of a quartz tube with an inner and an outer diameter of 21 mm and 25 mm, a concentric stainless steel screw electrode with a diameter of 7.7 mm and a ceramic gas diffuser connected to the lower end of the quartz tube. The stainless steel screw acted as the discharging electrode, which was energized by an AC high voltage (frequency: 60 Hz). The counter electrode, i.e., ground electrode, was the synthetic wastewater itself. As an electrical conductor, water could effectively elongate the ground electrode to the outer surface of the quartz tube. The effective DBD tube length corresponding to the submerged part was about 170 mm. The applied voltage was changed from 20 kV to 23 kV (peak value). The 1 µF capacitor shown in Fig. 2 was used for measuring the discharge power. The method adopted for discharge power measurement uses a charge-voltage plot, a so-called Lissajous figure, which is described in detail in the literature [19, 20] . 
Experimental methods
Reactive Blue 4 (RB4, C 23 H 14 Cl 2 N 6 O 8 S 2 ) and Acid Red 4 (AR4, C 17 H 13 N 2 NaO 5 S) were used as model contaminants, which were dissolved in 1,000 mL of distilled water to prepare the synthetic dyeing wastewater. Both dyes were purchased from Sigma-Aldrich Co. The initial concentrations of the dyes were varied in the range of 20∼200 mg/L. The effect of the working gas type on the degradation was evaluated with three kinds of gases including dry air, N 2 and O 2 . The flow rate of the working gas was adjusted to 2 mg/L by using a mass flow controller (Model 1179, MKS Instruments, Inc.) throughout this work. The experiments for degrading the dyes were carried out in the semi-batch mode by maintaining the synthetic dyeing wastewater in the reactor vessel while the working gas was continuously added.
The voltage applied to the underwater electrical discharge systems was measured by a high voltage probe with an attenuation ratio of 1000 : 1 (P6015, Tektronix) and a digital oscilloscope (TDS 3032, Tektronix). The current in the case of using the UPED system was measured by using a current transformer (Pearson Electronics) having the ratio 0.25 V/A. For the measurement of the voltage across the 1.0 µF capacitor connected to the UDBD system, a 10 : 1 voltage probe (P6139A, Tektronix) was used. The concentration of ozone generated by the UDBD system in the presence of oxygen or air was analyzed by an UV/visible spectrophotometer (Model UV-2500, Labomed, Inc.) at a wavelength of 260 nm. To determine the degradation efficiency, samples were taken from the synthetic dyeing water at regular time intervals, and analyzed by using an UV/visible spectrophotometer (Model Cary 300 Conc, Varian) at wavelengths of 508 nm and 595 nm for AR4 and RB4, respectively. The concentration of total dissolved solids (TDS), pH, and solution conductivity of the synthetic dyeing wastewater was measured by using a water quality meter (Ultrameter II, Myron L Co.).
The voltage and current waveforms obtained with the UPED system are shown in Fig. 3 . The peak voltage and current of each pulse were about 42 kV with a rise rate of 1.2 kV/ns and 40 A, respectively. The energy delivered to the reactor per pulse was calculated to be about 82 mJ by integrating the product of voltage and current. As observed, the voltage reached its peak value almost immediately, and then decreased with oscillation damping out. The discharge power dissipated in the reactor is directly proportional to the pulse repetition rate and can be calculated by Eq. (1). Fig. 4(a) and (b) show example waveforms of the voltage and charge for the UDBD system, and the charge-voltage plot. In Fig. 4(b) , the area of the parallelogram is equivalent to the electrical energy dissipated in the reactor per cycle. In this case, the area was calculated to be 95.4 mJ per cycle. The discharge power corresponds to the product of the area and the operating frequency. 5 presents the dimensionless dye (AR4) concentration, pH, conductivity and TDS as a function of elapsed time when the power dissipated in the UDBD system was 6.88 W. The initial concentration of AR4 was 20 mg/L, and the working gas was dry air. Here, the dimensionless concentration was defined as the ratio of the concentration at any time (C) to the initial concentration (C 0 ). The degradation of the dye appeared to be very fast at the early stage up to about 20 min, thereafter slowed down, and almost completed at around 40 min. As can be seen, the solution conductivity and the TDS concentration kept increasing as the degradation proceeded, while the pH tended to decrease. This result reveals that the UDBD effectively mineralized the dye. The main degradation products of AR4 are reported to be CO 2 , small organic acids and inorganic compounds [16, 18, 21] . It is believed that the organic acids and carbon dioxide formed from the dye decreased the pH and increased the solution conductivity. With air as a working gas, an electrical discharge can produce NO 2 . When it is dissolved in water, NO 2 is converted into nitric acid, leading to a decrease in pH. Although the data were not given, a pH decrease was also observed with oxygen as a working gas, indicating that organic acids and carbon dioxide are the ultimate fate of the degradation. The increase in the TDS concentration is likely attributed to the formation of solids from mineralized degradation products. 
Effect of working gas type
The effect of the working gas type on the degradation of AR4 and RB4 by the UDBD is shown Fig. 6 . The degradation of the dyes largely depended on the working gases used. With N 2 , the degradation efficiency was negligible for both AR4 and RB4, strongly suggesting that reactive species such as N( 2 D), N( 2 P) and N 2 (A 3 Σ + u ) caused by N 2 excitation and dissociation hardly contribute to the degradation. These species have short lifetimes and no oxidation capabilities for degrading the dyes. On the other hand, with air or O 2 , the degradation rates of AR4 and RB4 were greatly enhanced in proportion to the oxygen content in the working gas. Similar results were observed for 4-chlorophenol degradation by pulsed electrical discharge [22] . As can be seen, the time required to reduce the dimensionless AR4 concentration to less than 0.01, which is tantamount to higher than 99% degradation efficiency, was about 10 min and 35 min with O 2 and air working gas, respectively. Likewise, about 10 min and 25 min were required to reduce the dimensionless RB4 concentration to less than 0.01. This result indicates that the degradation of the dyes are primarily determined by the amount of long-lived ozone generated by the UDBD system, although several other reactive species and ultraviolet lights are formed simultaneously. At this experimental condition, the amounts of ozone generated with air and O 2 were measured to be 1020 µg/L and 2,500 µg/L, respectively. The trends of the degradation results agreed well with the concentration of ozone. Ozone can degrade the dyes by either direct oxidation or forming hydroxyl radicals [18] :
HO· +dye → products (8)
The UDBD system depicted in Fig. 2 can directly irradiate the dyeing wastewater. Under this situation, UV photons can decompose ozone molecule as follows:
UV-induced decomposition of ozone dissolved in water is reported elsewhere [10,23∼25] . It has been reported that the photodissociation of ozone occurs fast at wavelengths below 310 nm [26] , but according to WU et al. [27] who investigated the degradation of an azo dye, Amaranth, using an ozonation system combined with a 365 nm UV lamp, the photons with longer wavelengths can also promote the decomposition of ozone. The oxygen atom formed by Eq. (9) can produce hydroxyl radical according to Eq. (4). Degradation pathways of dyes by ozone and hydroxyl radicals have been proposed by several authors [16,21,28∼31] . A hydroxyl radical has an oxidation potential of 2.80 V, which is much greater than 2.07 V of ozone. Thus, the UV irradiation eventually leads to an enhancement in the degradation of the dye as a result of yielding more hydroxyl radicals. Fig. 7(a) and (b) show the effect of discharge power on the degradation rates of AR4 and RB4 in the presence of air as a working gas. The discharge power was changed from 4.86 W to 8.91 W with the other conditions kept unchanged. The concentrations of ozone generated by the UDBD were measured to be 780 µg/L, 1020 µg/L and 1140 µg/L at 4.86 W, 6.88 W and 8.91 W, respectively. As expected, the degradation rate was proportional to the electric power dissipated in the UDBD system. In case of AR4, the time required to reduce the dimensionless concentration to less than 0.01 was about 60 min, 35 min, and 30 min at 4.86 W, 6.88 W, and 8.91 W. As shown in Fig. 7(b) , a similar trend to that of AR4 was observed for the degradation of RB4. Meanwhile, when the dimensionless concentration was plotted in log scale, an approximately linear relation with respect to the elapsed time was observed for a significant period of time, and then deviated from the linear relationship as the dye was almost depleted. Similar phenomena were also shown in Fig. 6 . This kind of linear relationship indicates that the degradation of the dyes may be treated as a pseudo-first-order reaction until most of the dye is degraded. The apparent degradation rate constants as a function of discharge power for AR4 and RB4 are summarized in Table 1 . Compared to AR4, the degradation of RB4 was relatively fast, resulting in higher degradation rate constant. Such a higher degradation rate of RB4 may be attributed to the fact that RB4 has more sites capable of reacting with ozone and OH radical. Fig.7 Effect of discharge power on the degradation of (a) AR4 and (b) RB4 by the UDBD (initial concentration: 20 mg/L; working gas: dry air)
Effect of discharge power

Effect of initial dye concentration
The dependence of the AR4 and RB4 degradation rates on their initial concentration is presented in Fig. 8(a) and (b) . The initial concentrations of the dyes were changed up to 200 mg/L. Despite a wide variation in the initial concentration, there was a little difference in the degradation rate for either AR4 or RB4. Particularly, the initial concentration effect on the degradation of RB4 was not significant. Again, the results in Fig. 8(a) and (b) reveal that the degradations of the dyes follow pseudo-first-order reaction kinetics. Since the dyes investigated in this work have several reactive sites, the degradation cannot strictly follow first order reaction kinetics. That is why the term "pseudo first order" was used instead of first order. Fig.8 (a) Dependence of AR4 degradation rate on the initial concentration, and (b) RB4 (discharge power: 6.88 W; working gas: dry air; amount of ozone from the UDBD system: 1020 µg/L) 3.5 Comparison between electrical discharge systems Fig. 9 (a) and (b) show the dimensionless AR4 concentration profiles, where the degradation performance of the two electrical discharge systems is compared. The discharge power dissipated in the UDBD system was 6.88 W, and the UPED system was operated at 40 Hz. This pulse repetition rate corresponds to a discharge power of 3.28 W since the energy per pulse was 82 mJ. The UDBD system was found to exhibit far higher degradation capability than the UPED system. This result is probably because some part of the energy delivered to the UPED system is consumed without contributing to the degradation. Since water is electrically conductive, considerable amount of electrical energy can flow through it without creating desired electrical discharge. In other words, the energy delivered to the UPED system is only partially utilized to produce reactive species. Due to this reason, the UPED system required more energy than the UDBD system. To compare the energy requirements of the two electrical discharge systems on the same basis, the dimensionless AR4 concentration was plotted with respect to the energy consumed, as in Fig. 9(b) . Here, the energy consumed was calculated by multiplying the discharge power by the elapsed time. On the basis of 90% reduction in the concentration of AR4, the UPED system required 3 ∼ 5 times more energy that the UDBD system when compared at identical initial concentration. Energy requirements for the initial concentration of 20 mg/L were 90 J/mg and 418 J/mg for the UDBD and UPED system, respectively, while those for the initial concentration of 100 mg/L were 37 J/mg and 109 J/mg for the UDBD and UPED system, respectively. For the UPED system, the tip of the electrode is in direct contact with the wastewater. Since electrochemical corrosion occurring under such a condition can be a significant problem, an anticorrosive electrode like titanium or anticorrosive coating of the electrode is required for practical applications. 
Conclusion
Degradation of textile dyes AR4 and RB4 was investigated by using two different underwater electrical discharge systems: UPED and UDBD. The results clearly revealed that the present systems were very effective for the treatment of the synthetic wastewater. Both RB4 and AR4 were found to be readily degraded by the electrical discharges. Generally, RB4 having more reactive sites than AR4 exhibited higher degradation rate. RB4 and AR4 showed similar responses to the variations of their initial concentrations in the degradation efficiency, indicating that the degradation of the dyes can be treated as pseudo-first-order reactions. In the case of the UDBD system, the degradation of the dyes was observed to be primarily determined by the amount of ozone generated, and the best performance for the dyes was obtained with oxygen as a working gas. The energy requirement for the UDBD system was much lower than that for the UPED system, obviously because the energy delivered to the UPED system was only partially utilized for generating reactive species.
